Objective: Reduced bone mineral density (BMD) is seen in Turner syndrome (TS) with an increased risk of fractures, and body composition is characterized by increased body fat and decreased lean body mass. To evaluate the effect of two different doses of oral 17B-estradiol in young TS women on bone mineral density (BMD), biochemical markers of bone turnover and body composition with the hypothesis of a positive effect of the higher dose. Design: A double-blind 5-year randomized controlled clinical trial. 20 young TS women participated. Inclusion criteria were diagnosis of TS, age 15-25 years and current treatment with 2 mg oral estradiol daily. Methods: The low-dose (LD) group was administered 2 mg 17B-estradiol/day orally and placebo, the high-dose (HD) group was administered 2 + 2 mg 17B-estradiol/day orally. Main outcome measures were whole body and regional bone mineral density (BMD), lean body mass (LBM), fat mass (FM) measured yearly by DXA scan and resorptive and formative bone markers in serum. Results: BMD, whole body and regional, increased over time with an attenuation toward the end of the study, and bone turnover markers decreased over time, both with no differences between the treatment groups (P = 0.2-0.9). LBM increased significantly more in the HD group (P = 0.02). FM remained stable in both groups. Conclusions: A steady increase in BMD over time in TS was found similar to healthy young women. The higher estrogen dose did not differentially affect BMD or bone markers. The positive effect on body composition may have long-ranging health benefits in TS. of oral and transdermal 17{beta} estradiol in girls with turner syndrome.
Introduction
Ovarian failure occurs in the majority of girls with Turner syndrome (TS) and supplementation with estrogen during puberty and throughout adulthood remains the mainstay of treatment (1) .
Unequivocal epidemiological clinical studies have shown that fracture risk in TS is increased (2, 3) . Results of previous studies of bone mineral density (BMD) in girls and adolescents with TS are conflicting, and it may in part be due to methodological differences and limitations (4) . Substantial improvement with normalization or near normalization in BMD values are obtained when appropriate adjustments are made for the reduced bone size in TS (1, 5, 6) , and subsequent studies reporting adjusted BMD have not identified a significant problem in the pediatric age group (7) . In adult TS women, studies using high-resolution pQCT have recently identified compromised trabecular microarchitecture and reduced bone strength, which may explain the increased fracture risk (8) . At the same time, body composition in TS is altered in an unfavorable direction with lower muscle mass and greater fat mass in TS (9, 10) , possibly in concert exerting a negative impact on bone strength (11, 12, 13, 14) .
Hormonal replacement therapy (HRT) using estrogen doses that raise serum estradiol levels to the upper end of the normal range may exert an anabolic effect on bone and stimulate bone formation in addition to the antiresorptive effect, whereas lower levels primarily affect bone resorption (15) . Estradiol may also exert a weak anabolic effect on muscle mass without affecting fat mass (9, 16) .
Markers of bone metabolism may account for differences in the TS bone phenotype. An impaired coupling of bone formation and resorption in girls with TS seems to exist (17, 18) .
In a former cross-sectional study, we found a normal tempo of bone formation in a large group of girls and adolescent with TS compared to healthy controls despite signs of accelerated bone resorption (19) . In the present prospective study, we hypothesized that high-dose oral 17B-estradiol in young women with TS would have beneficial effects on BMD and body composition and correct the imbalance between bone formation and bone resorption.
Subjects and methods
Design A 5-year prospective double-blind randomized controlled clinical trial using a parallel group design. TS patients fulfilling the inclusion criteria were randomized into one of two study groups, assigned to take estrogens as follows: the lower dose (LD) group took Trisekvens (day 1-12: 2 mg estradiol; day 13-22: 2 mg estradiol and 1 mg norethisteronacetat; day 23-28: 1 mg estradiol) (Novo Nordisk) orally combined with placebo on day 1-22 of the menstrual cycle. The higher dose (HD) group took Trisekvens (Novo Nordisk) orally combined with estradiol 2 mg (Novo Nordisk) on day 1-22 of the menstrual cycle.
All participants went through examinations at baseline and thereafter yearly within a time limit of ±4 weeks for a total of 5 years. Body weight and height were measured, and body mass index (BMI) was calculated.
Body surface area (BSA) was calculated according to the formula of Dubois and Dubois (BSA (m²) = 0.20247 × height (m) 0.725 × weight (kg) 0.425 ). Pubertal development stage according to Tanner stages was noted.
The protocol was approved by the Institutional Review Board (the Research Ethics Committees of The Capital Region of Denmark) (H-Ø-2004-2-24G). The study was conducted according to the recommendations of the Declaration of Helsinki and the ICH guideline for Good Clinical Practice. The protocol was registered in the EudraCT database (2004-004778-99) and at ClinicalTrials.gov (NCT00134745). All participants (and her parents if age <18 years) received oral and written information concerning the study prior to giving written informed consent.
Participants 20 young women with TS (age: 19.2 ± 2.5 (mean ± s.d.), range 16.0-24.9 years) and an age-matched control group participated, based on a power analysis (Supplementary data 1, see section on supplementary data given at the end of this article).
The criterion for inclusion were diagnosis of TS confirmed by previous karyotyping (45,X (n = 8), 45X/46XX (n = 2), 45X/46XY (n = 3), iso-chromosomes (n = 3), and deletions (n = 4)), age 15-25 years, achieved final height and discontinued growth hormone (GH) treatment and current treatment with an oral estradiol dose of 2 mg daily. Exclusion criteria were untreated hypothyroidism or hyperthyroidism, severe or chronic disease or treatment with drugs known to interfere with bone metabolism, contraindications to the study medication and current use of other medication with known or potential interactions with the study medication. Individual case notes were reviewed and data were collected on the complete medical history with emphasis on puberty and menarche (spontaneous or induced), age at initiation of hormonal replacement therapy (HRT), types of estrogen, initial dose and subsequent increment doses used. Also a record of former treatment with growth hormone (GH) and androgen (Oxandrolone) was noted. Two participants decided to leave the study in the first year of treatment; one due to lack of compliance to the protocol and one due to side effects (edema of the lower limbs). One participant left the study in the second year of treatment due to a wish of pursuing pregnancy. One participant left the study in the fifth year of treatment for unknown reasons. No fractures were recorded during the study period.
A control group of 34 healthy age-matched girls and young women (age: 18.4 ± 2.7, range 15.1-25.0 years) were recruited from local schools by advertisement and examined once. All had normal pubertal development.
Blood sampling
Blood was drawn from the TS participants evenly distributed throughout the calendar year, whereas the controls were examined in the summer. TS patients were examined in the morning after an overnight fast (12 h), whereas controls were examined in the afternoon for logistical reasons. Urine was morning spot urine sample (second void) in all participants.
Dual-energy X-ray absorptiometry (DXA)
Using a Hologic QDR2000/w osteodensitometer (Hologic, Inc., Waltham, MA, USA), we measured total and regional FM (g) and LBM (g) in pencil-beam mode. The system software provided the mass of lean body, fat and bone mineral for the whole body. Bone mineral content (BMC) (grams) and bone mineral density (BMD) (grams/ square centimeter) were assessed as total body value and regional at the level of the lumbar spine (BMD spine ), the hip (BMD hip ) and the non-dominant forearm (BMD arm ). The measurements at the arm were specified as radius ultra-distal (UD), radius middle (MiD) and proximal part of the distal third of radius (1/3). BMD values were reported in absolute values. Volumetric BMD at the spine (vBMD spine ) and hip (vBMD hip ) were calculated as previously described (18) .
Assays
Plasma carboxy-terminal collagen crosslinks (CTX), plasma bone-specific alkaline phosphatase (BALP) and plasma Pro-collagen I amino-terminal pro-peptide (PINP) were measured.
Androstendione, 17B-estradiol, estrone, estrone sulfate, dihydrotestosterone (DHT) and 17OH-progesterone were measured. Levels of LH, FSH and SHBG were quantified separately (further details on assays in Supplementary data 1).
Statistical analysis
Data were analyzed using linear mixed-effects regression for all outcome variables to account for the betweensubject dependencies. An initial non-parametric (LOWESS) smoothing of data stratified by treatment suggested a non-linear development over time for the majority of the outcomes, and we therefore included 'time since randomization' in years as a continuous covariate in both linear and quadratic form and their interactions with treatment allocation as fixed effects. A main effect of treatment was omitted due to the randomized design. Correlated subject-specific intercepts and slopes were included as random effects.
For all outcome variables except FM, LBM and body fat percentage, we investigated the effect of selected background variables assumed to have the possibility of modifying the time development of the outcomes both within and between treatment groups. We included these as main effects and all interactions with linear time and treatment. These models were simplified with a standard backward procedure, and we only report a model if the background variable entered significantly in the reduction. For each outcome, the models were compared to each other with the Akaike Information Criterion (AIC).
The null-hypothesis of no effect of treatment was tested with a likelihood ratio test, and P values below 5% were considered significant. 95% confidence intervals for the regression parameters were calculated using a parametric bootstrap approach with 5000 replicates and the percentile method. All data was analyzed as intention to treat, and missing observations were assumed to be missing at random (MAR). This approach allowed us to use observations from all individuals until the end of the study or until dropout, which occurred in some cases. The appropriateness of the models was assessed by standard residual diagnostic methods. For the analyses, we used R, version 3.2.2 and the lme4 package, version 1.1-9.
Results

Study subject
10 patients were allocated to the LD group and 10 patients to the HD group at baseline. The karyotype 45,X was equally distributed among the two groups (n = 4, 40%). There were no significant differences between the two groups on relevant parameters at baseline (Supplementary Table 1 ). All patients except for one patient in the HD group had been treated with GH previously. Four patients in each group had spontaneous puberty and two patients in the LD group and one patient in the HD group had spontaneous menarche, but all subsequently suffered from premature ovarian failure. Tanner breast stage was similar (data not shown), and there was no difference in age at initiation of HRT (LD group vs HD group: 14.8 ± 1.4 vs 14.5 ± 1.9 years, P = 0.675), initial dose of estrogen (0.25 ± 0.12 vs 0.24 ± 0.15 mg, P = 0.875) and number of years of estrogen treatment before entering the study (4.4 ± 1.5 vs 4.7 ± 1.4 years, P = 0.675).
Bone mineral density
At baseline, BMD hip and BMD arm/radius1/3 were significantly lower in the TS patients combined compared to the controls (BMD hip : TS vs C: 0.88 ± 0.14 g/cm 3 vs 0.95 ± 0.10 g/cm 3 , P = 0.037; BMD arm/radius1/3 : TS vs C: 0.62 ± 0.05 g/cm 3 vs 0.66 ± 0.05 g/cm 3 , P = 0.009), whereas all remaining measures of BMD (total, spine and arm/radius UD) were similar among TS and controls (data not shown). At the final visit, there was no significant difference in BMD, total or regional in TS patients compared to controls. However, the TS patients were of course significantly older than the controls at this point (data not shown). The LD and HD TS groups were similar on all measures at baseline (data not shown).
On examining the longitudinal changes in bone mineral density, we found a significant quadratic time effect (P < 0.001) in the models for the outcomes BMD total , BMD spine , BMD hip , BMD arm/radiusUD , BMD arm/radius1/3 and vBMD spine in both treatment groups indicating an increase with a tendency to an attenuated increase toward the end of the study ( Fig. 1A and C, Supplementary Figs 1 and  2 ). For the outcome of vBMD hip , there was no significant quadratic effect (P = 0.4828) and hence the increase appeared linear over time ( Fig. 1B) .
For all seven outcomes, there was no significant effect of estrogen treatment on the yearly BMD measurement (Table 1 ). Hence, there was no significant difference between the HD group and the LD group in terms of whole body or regional BMD before or after correction for the reduced bone size.
We used multiple linear regression analysis to study the influence of additional parameters on BMD, including BSA, BMI, duration of estrogen treatment before randomization, the presence of spontaneous puberty and BMD at randomization (at the start of the study). Consistently, at all studied sites, the development in BMD was highly dependent on BMD at randomization, which turned out to be the most influential parameter -thus, the higher BMD at a specific site at inclusion, the higher BMD at that site at the end of the study. Furthermore, in models of BMD total , BMD spine , BMD hip , BMD arm/radiusUD and vBMD spine , BSA and BMI were also positive contributory variables. Additionally, the presence of spontaneous puberty and duration of estrogen treatment before randomization affected BMD arm/radiusUD , whereas BMD arm/radius1/3 was also dependent on BMI and the presence of spontaneous puberty (Supplementary Table 3 ). The participants with the karyotype 45,X/46XX (n = 2) and spontaneous puberty were not analyzed separately to identify a potential different response to estrogen treatment compared to the participants with induced puberty.
Bone markers and hormones
In both treatment groups, CTX and PINP decreased significantly over time. BALP increased during the first 2 years, and after a plateau, it decreased like the other markers. There were no significant differences in the markers between the treatment groups except for BALP, where the HD group had a significantly higher level throughout the study period compared to the LD group (Fig. 2) . In multiple linear regression analyses, we studied possible interacting variables like BSA, BMI, duration of estrogen treatment before randomization, the presence of spontaneous puberty and level of the analyte at randomization. Consistently, we found that the most important variable was the level of the analyte at randomization. However, in addition, for CTX, PINP and BALP, duration of estrogen treatment before randomization and the presence of spontaneous puberty were also contributory variables (Supplementary Table 4 ). The level of FSH, LH, estrone sulfate, sex hormonebinding globulin (SHBG), 17OH-progesterone, androstenedione and dihydrotestosterone (DHT) were no different in the two treatment groups (data not shown). The levels of estradiol and estrone were significantly higher in the HD group compared to the LD group (P = 0.0015 and P = 0.0449 respectively) after the initial 2 years of treatment ( Fig. 3A and B) .
Anthropometrics
TS patients were shorter with comparable body weight, higher BMI and lower BSA when compared to controls Table 1 Interaction between bone mineral densities and estrogen treatment in both treatment groups. Interaction between bone mineral densities and estrogen treatment at the sites of whole body (BMD total ), the spine (BMD spine ), the hip (BMD hip ), the proximal part (radius 1/3) of the distal third of the radius (BMD arm/radius1/3 ), the ultradistal part (radius UD) of the distal third of the radius (BMD arm/radiusUD ), volumetric bone mineral density at the spine (vBMD spine ), and at the femoral neck (vBMD hip neck ). Estimated (population-level) effects for the reduced model with no treatment effect with 95% bootstrapped confidence intervals and the P-value for the null-hypothesis of no treatment effect are shown. Table 2 ). LBM was lower in TS, whereas FM was similar, resulting in a higher body fat percentage. At baseline, there was no difference in LBM between the LD and HD groups, but at the subsequent yearly visits, there was a significant effect of the interaction between time and treatment (P = 0.0290) (Fig. 4 ). This implies that although LBM remained unchanged throughout the study period in the LD group, it increased in the HD group with an average of 336 g per year. When studying the longitudinal changes, we found FM and body fat percentage to be constant over time with no treatment effect between the treatment groups ( Fig. 5A and B ).
Discussion
The principal findings of our study are the selective positive effect of the higher estrogen dose on bone formation and on LBM. However, the former did not translate into a higher BMD indicating that a treatment regimen in TS using the lower estrogen dose is sufficient in terms of accumulating bone mass in late adolescence and early adult years. The present study is to our knowledge the only prospective clinical trial published in which the efficacy of estrogen replacement on bone mineral accrual and body composition in TS is being evaluated in a strict randomized and controlled study design including two comparable groups of TS patients with the only differing factor being the estrogen dose. The pattern of developmental changes in the BMD over time with an initial increment and eventually stabilization at a consistent level in this group of young women with TS was expected and in accordance with the pattern observed in the general population of healthy young women (20, 21) . In particular, the increase in the predominately cortical bone sites, hip and lower third radius, is noteworthy as the finding is somewhat contradictory of the general assumption of these areas having a reduced BMD by default in TS due to genetic reasons without the potential for improvement neither over time nor under the influence of estrogen (1, 4) . Estrogens have well-known strong effects upon trabecular bone. A decreased trabecular volumetric BMD during and after puberty could therefore be expected in hypogonadal TS girls (5) and some studies have indeed shown normal size-adjusted spine BMD before puberty but a lack of adequate pubertal bone acquisition (22, 23, 24) . In contrast, other studies including post-pubertal TS adolescents have found normal trabecular volumetric BMD at the radius using pQCT (1, 10) , which can be due to inter-study differences concerning the type, duration and/or dosage of estrogen used, different modalities of and ages at densitometry (5) . Here, we show normal average size-adjusted BMD at the spine and the areal BMD at the ultra-distal radius, both sites predominately containing trabecular bone, in comparison with healthy controls on entering the study indicating a sufficient serum estrogen level during pubertal induction in our population of TS adolescent and young women. At the end of the study, we did not see a significant positive effect of the higher estrogen dose on BMD in trabecular bone. In contrast, the most consistent and strongest determinant of BMD at all studied sites was BMD at entry into the study, explaining most of the variance within the TS group, pointing toward the importance of optimizing all components of bone health, including age-appropriate pubertal induction and appropriate GH treatment inducing a resultant increase in IGF-I, already in childhood and early puberty (25) .
The effect of estrogen on the growing skeleton has been extensively reviewed; however, the results have been conflicting (1) . It has been assumed that predominantly cortical bone sites in TS are genetically programmed to have reduced BMD without the potential for improvement over time or under the influence of estrogen (1, 17, 26, 27, 28, 29) . Our finding of increases in the predominantly cortical bone sites, hip and lower third radius challenge this assumption and are in line with a new study using a true 3D methodology, high-resolution pQCT (hr-pQCT), that found no cortical deficit at least in adult TS (8) . At the same time, we found BMD at predominately trabecular bone sites to be comparable to healthy controls after pubertal induction and during the early adult years also irrespectively of the estrogen dose applied.
TS has been characterized as a syndrome of disproportionate anthropometry and body composition, with higher FM and BMI and inappropriately low LBM (10), as also described here. A recent study comparing the transdermal and oral route of administration of 17B-estradiol in a group of TS adolescents found a significant but similar increase in lean body mass by both routes, whereas fat mass remains stable (30, 31) . We found the same pattern of changes in LBM and FM with an additional positive effect of a higher estrogen dose on LBM. The additional increase in LBM in the HD group during adulthood could play a potential future role as a factor of preventing fracture in older age in TS by improving muscle strength and balance and thereby reducing fall accidents. Increased LBM, and thus probably muscle strength, is also likely to have additional positive roles in relation to the frequent occurrence of type 2 diabetes, hypertension, impaired postural balance (32) and obesity (33). A few studies have looked at markers of bone metabolism to account for differences in the bone phenotype in TS (18, 19) and found markers of bone formation and levels of vitamin D to be similar in girls with TS compared to healthy girls. However, markers of bone resorption were elevated in TS. An impaired coupling of bone formation and resorption in girls with TS seems to exist, but it is difficult to discern whether this is related to relative gonadal steroid deficiency, low vitamin D levels, low IGF-1 or a primary gene defect (17) . We found both the marker of bone resorption CTX and the marker of bone formation PINP to decrease significantly over time in TS independently of the estrogen dose. At the same time, BALP, marker of bone formation, showed the same pattern of decrease but only after an initial increase during the first 2 years of treatment and with a general significant higher level in the HD group indicating a positive effect of a higher estrogen dose. The question is whether the reduced bone resorption in combination with an estrogen dose-dependent increased bone formation in the same manner predicts a reduced fracture risk independent of BMD in the HD-treated TS and possibly also a higher sitespecific BMD in the future.
In general, the study treatment was well accepted in both treatment groups with good compliance and no reports of major side effects. Even then, four patients, all in the high-dose group, did not complete the entire 5-year treatment plan. The drop-outs, except for one person, were not due to side effects. The unequal distribution of dropout could potentially influence the inter-treatment group analyses as well as the intra-treatment group analyses. However, our statistical model allowed us to utilize patient-specific data until dropout. Theoretical advantages of transdermal (TD) over oral (PO) route of administration include a more physiologic mode of delivery, decreased first pass effect and less variability in markers of hepatic metabolism and IGF1 levels. Whether differences in the mode of estrogen replacement will ultimately translate into meaningful clinical differences in parameters influenced by estrogen in girls and adolescents with TS remains to be proven (31, 34) .
The strength of the current study is long-term follow-up, which allowed us to precisely map the changes in BMD, body composition and serum markers. It is, however, a drawback that we have not been able follow the control group with yearly measurements.
Conclusion
The developmental changes in BMD in young adult women with TS are comparable to the pattern observed in the general population of healthy young women, and in the setting of an optimal bone mass accrual during pubertal induction, the benefit of a higher estrogen dose in adolescence and young adulthood seems to be insignificant. Importantly, we show time-dependent physiological increases in both cortical and trabecular bone in TS. A significant and probably clinically relevant increase in LBM was observed with HD estradiol. A future follow-up study elucidating this matter would be relevant as the combined effect of high-dose estrogen on bone and LBM could well have a significant positive impact on the overall morbidity and thereby QoL in TS women at old age.
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